immunofluorescent staining. The results indicated that a significant fraction of caveolin-1 codistributes with integrins at extracellular matrix contacts, but not focal adhesions (unpublished) . The subcellular localization of caveolin-1 confirms its association with integrins and suggests that Shc and FAK signaling may be topologically separated in cells.
The Transmembrane Domain of Integrin ␣ Subunit Mediates Association with Caveolin-1 and Signaling via Shc
The functional significance of the association of integrins with caveolin-1 was explored by mutagenesis. Previous studies had indicated that a mutant single-chain Figures 2B and 2C). Replacement of the transmembrane segment of mutant ␣1 with the transmembrane and cytoplasmic portion of IL2-R ␣ chain simultaneously aboland ␣5␤1 (Plantefaber and Hynes, 1989) , which are ished association with caveolin-1, recruitment of Shc, linked to Shc signaling, is often reduced in neoplastic and activation of ERK (construct B; Figures 2B and 2C ). cells. WI-38 fibroblasts were incubated with polystyrene This indicates that the integrin ␣ subunit and caveolin-1 beads coated with control or anti-␤1 integrin MAbs and interact predominantly within the lipid bilayer. solubilized with Triton X-100 under conditions that preContrary to our prediction, a mutant consisting of the serve the association of activated integrins with Shc but extracellular portion of IL2-R ␣ chain linked to the transdo not solubilize caveolae. As shown in Figure 1 , the antimembrane segment of ␣1 was not able to combine with caveolin-1 antibodies coimmunoprecipitated a fraction of caveolin-1 and mediate Shc signaling (not shown). How-␤1 integrins from both control and anti-␤1 stimulated ever, another mutant identical to the above, but also cells. Conversely, the anti-␤1 antibodies coprecipitated containing the juxtamembrane region of the ectodomain a fraction of caveolin-1. Upon integrin cross-linking, the of ␣1, did associate with caveolin-1 and cause efficient anti-caveolin-1 and anti-integrin antibodies also coimShc signaling to ERK (construct C; Figures 2B and 2C) . munoprecipitated Shc. In addition, the anti-Shc antiSince the direct adjoining of IL2-R ␣ chain may disrupt bodies coimmunoprecipitated both caveolin-1 and ␤1 the proper conformation of the transmembrane portion integrins. These results indicate that a fraction of ␤1 of ␣1, it remains possible that this portion of the integrin integrins and caveolin-1 form a complex independently ␣ subunit is sufficient for association with caveolin-1. of integrin ligation and that this complex combines with Alternatively, the membrane proximal segment of the ␣ Shc in response to integrin ligation. Typically, 20%-30% subunit ectodomain may contribute to the interaction of the Triton X-100 soluble ␤1 integrins coprecipitated with caveolin-1, perhaps by associating with a neceswith caveolin-1 and vice versa. Because of the disruptive sary protein or lipid cofactor. Irrespective of the denature of solubilization with detergent, these numbers tails of the integrin-caveolin-1 interaction, these results probably underestimate the stoichiometry of the associclearly indicate that the same limited segment of the ation in vivo. Since the oligomeric fraction of caveolin-1 integrin ␣ subunit mediates both association with caveois insoluble in Triton X-100 (Monier et al., 1995) , these lin-1 and signaling via Shc. results imply that ␤1 integrins combine with caveolin-1 and Shc outside caveolae.
Mesenchymal cells form two types of integrin-depenCaveolin-1 Is Required for Integrin-Dependent Shc-Ras-ERK Signaling dent adhesions in culture: the focal adhesions, which link integrins to the ends of the actin stress fibers and
The role of caveolin-1 in integrin-mediated signaling was directly tested by examining the caveolin-1-negative contain vinculin, talin, and FAK, and the extracellular matrix contacts, which associate laterally with stress Fisher rat thyroid (FRT) cells and their counterpart cells stably transfected with a caveolin-1 cDNA. The FRT cells fibers, contain the bulk of ␤1 integrins and extracellular fibronectin fibrils, but lack vinculin, talin, and FAK (Chen express moderate levels of ␣6␤4 that can recruit Shc directly (Mainiero et al., ), but very low or et al., 1985 Burridge and Chrzanowska-Wodnicka, 1996) . To examine if caveolin-1 colocalized with inteundetectable levels of the ␤1 and ␣v integrins, which recruit Shc by an indirect mechanism. The two cell lines grins, WI-38 fibroblasts were subjected to correlative (A) Schematic representation of wild-type integrin ␣1 subunit (␣1-WT), IL-2R ␣ chain, mutant ␣1 lacking the N-terminal 538 residues segment and entire cytoplasmic tail ("A"), chimera consisting of the extracellular portion of "A" fused to the transmembrane segment and cytoplasmic tail of IL-2R ␣ ("B"), and chimera consisting of the IL-2R ␣ ectodomain linked to the juxtamembrane and transmembrane domain of "A" ("C"). Asterisks point to deleted cytoplasmic domains. (B) NIH-3T3 cells were transiently transfected with vectors encoding "A," "B," and "C", or empty vector (Ϫ). Aliquots were subjected to FACS analysis to verify that all recombinant proteins were expressed at similar levels. After 5 min of cross-linking with control MAb W6.32 ("C"), anti-␣1 MAb TS2/7 (␣1), or anti-IL-2R ␣ MAb 4E3 (Tac), the cells transfected with "A," "B," and "C" were lysed with 1% Triton X-100, and equal amounts of total proteins were immunoprecipitated with the same antibodies used for cross-linking. Smaller aliquots of total extracts from cells transfected with empty vector were immunoprecipitated with anti-Shc MAb PG-797 (Shc) or anti-caveolin-1 MAb CO60 (Cav). The top portion of the blot was probed with affinity-purified rabbit antibodies to Shc and the bottom with the anti-caveolin-1 antibody C13630. (C) Equal amounts of total proteins from NIH-3T3 cells transfected with vector encoding "A," "B," and "C" and cross-linked as above for 10 min were subjected to immunoblotting with anti-phospho-ERK (top). As a control, the blot was stripped and reprobed with a polyclonal antibody to ERK-2 (bottom). Asterisk shows anti-phospho-ERK. (D) Parental and caveolin-1-expressing FRT cells were transiently transfected with a vector encoding human ␣5. Transfected cells were selected by panning on fibronectin, subjected to FACS analysis to verify that they expressed similar surface levels of ␣5␤1, and replated on dishes coated with poly-L-lysine (PL) or fibronectin (Fn) for 30 min. Equal amounts of total proteins were immunoprecipitated with anti-Shc polyclonal antibodies and probed by immunoblotting with anti-p-Tyr MAb RC-20H (top) or anti-Grb2 polyclonal antibody (second panel). The top blot was stripped and reprobed with anti-Shc antibodies (third panel). As a control, total lysates were probed with affinity-purified antibody C13630 to caveolin-1 (bottom). (E) Equal amounts of total proteins from parental and caveolin-1-expressing FRT cells, transfected with a vector encoding human ␣5, were plated either on poly-L-lysine (PL) or fibronectin (Fn) for 40 min and subjected to immunoblotting with anti-phospho-ERK (top). As a control, the blot was stripped and reprobed with a polyclonal antibody to ERK-2 (bottom). Asterisk shows anti-phospho-ERK.
were therefore transiently transfected with a vector enTo examine if the Triton X-100 soluble fraction of caveocoding a human wild-type ␣5 subunit. Cells expressing lin-1 associates with Src or Fyn, WI-38 fibroblasts were comparable levels of ␣5␤1 at the cell surface were plated stimulated with control or anti-␤1 antibodies, extracted on fibronectin or poly-L-lysine. As shown in Figure 2 , with 1% Triton X-100, and subjected to coimmunopreadhesion to fibronectin caused tyrosine phosphorylacipitation analysis. As shown in Figure 3A , the anti-Fyn, tion of Shc, association of Shc with Grb2, and activation but not anti-Src, antibodies coimmunoprecipitated a of ERK in the caveolin-1-positive, but not -negative, FRT significant and similar fraction of caveolin-1 from both cells ( Figures 2D and 2E) . Identical results were obtained control and anti-␤1 stimulated cells. Conversely, the with two distinct FRT clones expressing similar levels anti-caveolin-1 antibodies coimmunoprecipitated Fyn, of recombinant caveolin-1. These findings provide direct but not Src ( Figure 3B ). Upon overexpression in 293-T evidence that caveolin-1 is essential for Shc-Ras-ERK cells, however, both Src and Fyn coimmunoprecipitated signaling in response to integrin ligation.
with caveolin-1 (data not shown). These observations indicate that caveolin-1 is constitutively associated with Fyn, but not Src, in cells expressing physiological levels Caveolin-1 Associates with Fyn of these kinases. To investigate the mechanism by which caveolin-1 meSince it has been reported that caveolin-1 can also diates the recruitment and tyrosine phosphorylation of interact in vitro with the EGF receptor, Ras, and heteroShc, we searched for the responsible tyrosine kinase.
trimeric G proteins (Okamoto et al., 1998) , we examined Previous studies had suggested that caveolin-1 may interact with Src family kinases (Okamoto et al., 1998) .
whether the Triton X-100 soluble fraction of caveolin-1 ( Figure 3C ). The fraction of Fyn associated with caveolin-1 was also activated upon adhesion to fibronectin (not shown). Although upon cell adhesion to fibronectin, Src combines with autophosphorylated FAK and hence becomes active, we did not detect an activation of Src in cells cross-linked with anti-␤1 antibodies ( Figure 3C ). Perhaps FAK is not fully activated under these experimental conditions or the fraction of Src that combines with autophosphorylated FAK is small in these cells. Finally, if Fyn participates in the recruitment of Shc, integrin ligation should promote the association of Fyn with Shc. As shown in Figure 3D , coimmunoprecipitation analysis indicated that, upon integrin ligation, all three isoforms of Shc combine with Fyn. Taken together, these results suggest that Fyn mediates the recruitment of Shc in response to integrin ligation.
The SH3 Domain of Fyn Mediates Recruitment of Shc
In principle, Fyn could phosphorylate caveolin-1 or itself at a tyrosine residue able to interact with the SH2 or PTB domain of Shc. However, caveolin-1 is only weakly phosphorylated on tyrosine upon integrin ligation (not Fyn can interact with Shc in vitro (Weng et al., 1994) .
Samples were subjected to immunoblotting with affinity-purified antibody N-20 to caveolin-1.
To examine the interaction of Fyn with Shc, Shc was a deletion of the SH3 domain and were then plated on poly-L-lysine or fibronectin. As shown in Figure 4B , adhesion to fibronectin induced association of the wildtype, but not SH3 mutant, Fyn with Shc. This indicates interacted with these signaling proteins. Coimmunothat the SH3 domain of Fyn is required for recruitment precipitation experiments did not reveal any association of Shc in vivo. The observation that the association of of this fraction of caveolin-1 with the EGF receptor, Ras, Fyn with Shc is not constitutive suggests that upon and the Gs␣ subunit of heterotrimeric G proteins (unpubintegrin-mediated activation, Fyn undergoes a conforlished). This further confirms the specificity of the assomational change that allows the ligand-binding surface ciation of caveolin-1 with both integrins and Fyn.
of the SH3 domain to interact with Shc. , and Src Ϫ/Ϫ fibroblasts were plated on poly-L-lysine or fibronectin and subjected to as well as the subset of Fyn associated with caveolin-1 Figure 4 . Role of the Fyn SH3 Domain in Recruitment of Shc and Activation of ERK (A) WI-38 cells were cross-linked in suspension with W6.32 ("C") or 4B4 MAb (␤1)-coated beads for 5 min, lysed in 1% Triton X-100, and immunoprecipitated with affinity-purified anti-Shc antibodies. Samples were subjected to Far Western analysis with control GST (GST) or GST fusion proteins comprising the SH3 and SH2 (GST-Fyn SH3-SH2), the SH2 (GST-Fyn SH2), or the SH3 domain of Fyn (GST-Fyn SH3). Bound fusion proteins were detected with anti-GST antibodies. (B) Fyn Ϫ/Ϫ fibroblasts were transiently transfected with vectors encoding wild-type Fyn (pRK5-Fyn) or a mutant lacking the SH3 domain (pRK5-Fyn ⌬SH3), detached, and plated on poly-L-lysine (PL) or fibronectin (Fn) for 20 min. After immunoprecipitation with anti-Fyn MAb 15, samples were subjected to immunoblotting with affinity-purified rabbit antibodies to Shc (top) or goat antibody sc-16G to Fyn (bottom). An aliquot of total lysate from cells transfected with empty vector (Ϫ) served as a control (TOT). (C) Wild-type, Fyn Ϫ/Ϫ , and Src Ϫ/Ϫ fibroblasts were detached and plated on poly-L-lysine (PL) or fibronectin (Fn) for 30 min. Equal amounts of total proteins were immunoprecipitated with polyclonal anti-Shc antibodies and probed with anti-P-Tyr MAb RC20-H (top panel) or anti-Grb2 polyclonal antibody (second panel). In addition, samples were immunoprecipitated with anti-ERK2 antibodies and subjected to immune complex kinase assay with MBP as a substrate (third panel) or immunoprecipitated with anti-FAK and probed with anti-P-Tyr MAb RC20-H (bottom panel). (D) Fyn Ϫ/Ϫ fibroblasts were transiently transfected with vectors encoding wild-type Fyn (pRK5-Fyn) or a mutant lacking the SH3 domain (pRK5-Fyn ⌬SH3), detached, and either kept in suspension (S) or plated on fibronectin (Fn) for 30 min. Equal amounts of total proteins were immunoprecipitated with anti-Shc polyclonal antibodies and probed with anti-P-Tyr MAb RC20-H (top panel) or anti-Grb2 polyclonal antibody (middle). The samples were also immunoprecipitated with anti-ERK2 antibodies and subjected to immune complex kinase assay with MBP as a substrate (bottom). immunoprecipitation followed by immunoblotting or imactivation of ERK in Fyn Ϫ/Ϫ cells. In contrast, transfection of the SH3 deletion mutant Fyn did not accomplish this mune complex kinase assay. Adhesion of wild-type fibroblasts to fibronectin caused efficient tyrosine phoseffect ( Figure 4D ). These results provide direct evidence that Fyn and its SH3 domain are required for Shc signalphorylation of Shc, association of Shc with Grb2, and activation of ERK. In contrast, adhesion of Fyn Ϫ/Ϫ cells ing to ERK in response to integrin ligation. to fibronectin failed to induce these events ( Figure 4C ). This indicates that Fyn is necessary for tyrosine phos-
Selective Activation of Fyn by Shc-Linked Integrins
To gain insight into the mechanism underlying the sephorylation of Shc, recruitment of Grb2, and activation of ERK in response to integrin ligation. lective recruitment of Shc by a class of integrins, we examined the spectrum of integrins associated with Whereas adhesion of the Src Ϫ/Ϫ fibroblasts to fibronectin caused efficient tyrosine phosphorylation of Shc caveolin-1. As shown in Figure 5A , all integrins tested, including ␣2␤1 and ␣3␤1, which are unable to recruit and association of Shc with Grb2, it induced a somewhat reduced activation of ERK, consistent with a partial role Shc, associated to a similar extent with caveolin-1. This observation suggests that the integrin association with of the FAK-Src complex in this process. Control experiments indicated that adhesion to fibronectin causes tycaveolin-1 is necessary, but not sufficient, for recruitment of Shc. rosine phosphorylation of FAK to a similar extent in wildtype, Fyn Ϫ/Ϫ , and Src Ϫ/Ϫ fibroblasts ( Figure 4C ). This To examine whether the integrin-specific step in the recruitment of Shc was upstream of Fyn, WI-38 cells latter observation is consistent with the notion that the major site of FAK phosphorylated in vivo is the autowere incubated in suspension with antibodies to various integrins and subjected to immunoprecipitation and imphosphorylation site, whereas the other sites can be phosphorylated by both Src and Fyn. mune complex kinase assay. Ligation of ␣1␤1 and ␣5␤1, which are functionally linked to Shc, caused activation To examine the role of the Fyn SH3 domain in integrin signaling to ERK, the Fyn Ϫ/Ϫ cells were transiently transof the fraction of Fyn associated with caveolin-1. By contrast, ligation of ␣2␤1, ␣3␤1, and ␣6␤1, which are fected with a vector encoding wild-type or SH3 mutant Fyn and either kept in suspension or plated on fibronecnot linked to Shc, did not stimulate caveolin-1-associated Fyn ( Figure 5B ). Since all integrins examined comtin. As shown in Figure 4D , the introduction of wildtype Fyn restored integrin-mediated Shc signaling and bine with caveolin-1, and therefore presumably with Fyn, anti-Shc antibodies (bottom). cytoplasmic domain serum (middle), and affinity-purified antibodies (B) NIH-3T3 cells were transiently transfected with 1 g of vector to the N terminus of caveolin-1 (bottom). An aliquot of the total encoding HA-tagged ERK-2 alone or in combination with 5, 10, or extract was used as a control. The ␤3 subunit was detected in the 20 g of vectors encoding Shc-Y317F (Dn-Shc), kinase-dead Fyn total extract only upon prolonged exposure of the blot (not shown).
(Dn-Fyn), FRNK, FAK-Y397F, and kinase-dead FAK (Kd-FAK). The (B) WI-38 cells were cross-linked in suspension for 5 min with beads cells were held in suspension (S) or plated on dishes coated with 10 coated with MAb W6.32 ("C"), TS2/7 (␣1), P1E6 (␣2), P1B5 (␣3), P1D6 g/ml fibronectin (Fn) for 30 min. Samples were immunoprecipitated (␣5), GoH3 (␣6), and 4B4 (␤1). Lysates were immunoprecipitated with with anti-HA MAb and subjected to kinase assay with MBP as a affinity-purified antibody C13630 to caveolin-1 (Cav), 06-133 to Fyn substrate. Expression levels were verified by immunoblotting total (Fyn), and N-16 to Src (Src) and subjected to kinase assay. The gel lysates. was treated with alkali prior to autoradiography. tyrosines 239 and 317 abolishes these events in cells these results suggest that an integrin-specific compostimulated with EGF. This indicates that tyrosine 317 is nent functions upstream of Fyn to regulate the recruitthe major site in Shc that is phosphorylated and binds ment of Shc.
to Grb2 in response to integrin ligation. The role of Shc tyrosine 317 in the activation of Ras-ERK signaling by integrins was also examined by a domiShc Tyrosine 317 Mediates Recruitment of Grb2 and Activation of ERK in Response nant negative approach. NIH-3T3 cells were transiently transfected with various doses of vectors encoding Shcto Integrin Ligation Shc contains two major tyrosine phosphorylation sites Y317F, kinase-dead Fyn, or three distinct mutant forms of FAK, all in combination with Flag-tagged ERK2. The at positions 239 and 317 that can recruit the Grb2/SOS complex (van der Geer et al., 1996) . To evaluate the FAK mutants included the noncatalytic C-terminal domain of the kinase (FRNK), which interferes with integrinrelative roles of these sites in integrin signaling, 293-T cells were transiently transfected with vectors encoding mediated activation of FAK and cell spreading; a version of the kinase with a phenylalanine substitution at tyroFlag-tagged versions of Shc wild-type, Shc-Y239F, Shc-Y317F, and Shc-Y239F/Y317F and either plated on fibrosine residue 397, which is unable to combine with Srcfamily kinases as well as PI 3-K; and a kinase-dead nectin or treated with EGF. The lysates were immunoprecipitated with anti-Flag, followed by immunoblotting version. The transfectants were plated on fibronectin, and Flag-tagged ERK2 was immunoprecipitated and with anti-P-Tyr or anti-Grb2 antibodies. Figure 6A shows that the single mutation at tyrosine 317 completely supsubjected to in vitro kinase assay. As shown in Figure 6B , both Shc-Y317F and kinase-dead Fyn caused a dosepresses tyrosine phosphorylation of Shc and association of Shc with Grb2 in response to fibronectin. In condependent, dominant negative effect on ERK activation. In contrast, the three mutant forms of FAK exerted little trast, only the combined phenylalanine substitutions at cell growth, wild-type, Src Ϫ/Ϫ , and Fyn Ϫ/Ϫ fibroblasts were synchronized in G0 and plated on fibronectin or poly-L-lysine in the presence of PDGF. Adhesion to fibronectin, but not poly-L-lysine, induced entry into S of a similarly large fraction of wild-type and Src Ϫ/Ϫ cells. In contrast, only a modest percentage of Fyn Ϫ/Ϫ fibroblasts entered S on either fibronectin or poly-L-lysine ( Figure  7B ). This finding suggests that Fyn is required for progression through G1 and is consistent with the slow growth of Fyn Ϫ/Ϫ fibroblasts in culture. Finally, we introduced in Fyn Ϫ/Ϫ cells wild-type or SH3 mutant Fyn in combination with the marker ␤-galactosidase. Entry of transfectants in S phase was evaluated by double staining with X-Gal and anti-BrdU antibodies. strate of v-Src (Glenney, 1989) and as a component of caveolae (Rothberg et al., 1992) . While it is clear that caveolin-1 is necessary for the biogenesis of caveolae or no effect. Control immunoblotting experiments con- (Fra et al., 1995; Lipardi et al., 1998) , the function of these firmed that the expression level of the recombinant structures, as distinct from rafts devoid of caveolin-1, proteins was proportional to the amount of DNA transis a matter of controversy. Cell fractionation studies fected. These results indicate that fibronectin-induced have ascribed to caveolae a wide variety of signaling phosphorylation of Shc at tyrosine 317 mediates recruitcomponents and, by implication, functions (Okamoto et ment of Grb2 and activation of Ras-ERK signaling.
al., 1998). However, biochemical analysis of caveolae purified by an immunoisolation protocol does not support a signaling function for these structures, but leaves
Role of Caveolin-1 and Fyn in Cell Cycle Progression
open the possibility that they function in intracellular transport (Stan et al., 1997) . The results presented here The function of caveolin-1 in integrin-mediated cell cycle control was examined by using the caveolin-1-negative reveal that a Triton X-100 soluble fraction of caveolin-1 that appears to be localized at extracellular matrix conand -positive FRT cells. Upon introduction of an integrin ␣5 subunit, the cells were synchronized in G0 and plated tacts plays a crucial role in integrin signaling. In light of this and the ability of v-Src to target adhesive junctions on poly-L-lysine or fibronectin in the presence of EGF. Entry into the S phase was examined by 5Ј-Bromo-2Ј-(Thomas and Brugge, 1997), it is not surprising that caveolin-1 was also identified as a substrate of v-Src. deoxy-Uridine (BrdU) incorporation and anti-BrdU staining. Expression of ␣5␤1 promoted entry in S phase of Several observations suggest that the role of caveolin-1 in integrin signaling is specific and physiologically the caveolin-1-positive, but not -negative, FRT cells. The effect of ␣5␤1 was dose dependent and required ligand relevant. First, the Triton X-100 soluble fraction of caveolin-1 associates with integrins and Fyn, but not with a binding because only a small percentage of both types of FRT cells entered S phase on poly-L-lysine (Figure variety of signaling molecules that are thought to interact with caveolin-1 at caveolae (Okamoto et al., 1998) . Ac-7A). These findings suggest that caveolin-1 is necessary to link ␣5␤1 to the control of cell cycle.
cordingly, this fraction of caveolin-1 colocalizes with integrins at extracellular matrix contacts (unpublished). To examine the role of Fyn in anchorage-dependent SH3 domain of Fyn to interact with Shc in vitro and the presence of SH3-binding motifs in the central domain of Shc support this model. Upon association with Fyn, Shc is phosphorylated at Tyr-317 and combines with Grb2. In contrast, EGF induces phosphorylation of tyrosine 239 and 317, which both contribute to the recruitment of Grb2. Many essential elements of the signal transduction mechanism described here are unexpected, most notably the function of caveolin-1 as a membrane adaptor, the role of Fyn SH3 domain in the recruitment of Shc, and the phosphorylation of Shc exclusively at tyrosine 317.
Since all integrins bind caveolin-1, and thereby Fyn, why does only a subset of them activate Fyn and recruit Shc? It is possible that the Shc-linked integrins associate with a required activator of Fyn, such as a phospha- grins constitutively associate with a suppressor of Fyn, such as the kinase Csk that phosphorylates the same Second, the same limited segment of integrin ␣ subunit tyrosine residue (Thomas and Brugge, 1997). Finally, it mediates both association with caveolin-1 and Shc sigcannot be excluded that the integrins not linked to Shc naling. Third, integrin ligation activates the fraction of are able to constrain Fyn in an inactive conformation. Fyn associated with caveolin-1, establishing a further Fortunately, with the essential elements identified, it will functional link between the three components. Finally, now be possible to determine if the integrin specificity genetic evidence implies that both caveolin-1 and Fyn of the Shc pathway arises from catalysis, constraint, or are necessary for activation of Shc-Ras-ERK signaling a combination of both. following integrin ligation.
Previous studies have indicated that, upon overexThe biochemical mechanisms underlying the associapression or association with elevated levels of Src, FAK tion of integrins with caveolin-1 and of caveolin-1 with can amplify the activation of Ras-ERK signaling in cells Fyn remain to be investigated. Because of its propensity plated on fibronectin (Schlaepfer and Hunter, 1997; to oligomerize, caveolin-1 is likely to contribute to the Schlaepfer et al., 1997). However, in normal fibroblasts, clustering of integrins at the cell surface. In principle, keratinocytes, and endothelial cells, integrin ligation acthis mechanism may allow the activity of one integrin receptor to influence that of its neighbors (a phenometivates Shc independently of FAK, and this event is both non named activity spread), thereby increasing sensitivnecessary and sufficient to activate the Ras-ERK pathity to extracellular ligand (Bray et al., 1998) . In order to way (Wary et al., 1996; Mainiero et al., 1997) . Furtherunderstand integrin clusters in physiological and funcmore, the introduction of a dominant negative form of tional terms, it will be important to isolate them and FAK or the deletion of the ␤1 subunit cytoplasmic doexamine the stoichiometry and spatial relationships of main suppresses activation of FAK without perturbing their essential elements. In addition, future studies will signaling to ERK (Lin et al., 1997a) . The results of this have to examine if integrins also interact with caveolin-2 study support the model that integrins are linked to the and -3, as well as other Src-family kinases such as Yes, Ras-ERK pathway by Shc, and this occurs indepenLyn, and Lck. If proven, these mechanisms may expand dently of FAK and Src. First, although the activation of the repertoire of signaling pathways affected by inte-FAK is mediated by the integrin ␤ subunit cytoplasmic grins.
domain, a limited segment of the integrin ␣ subunit is Our results indicate that ␤1 and ␣v integrins recruit sufficient for both recruitment of Shc and activation of Shc and activate Ras signaling by the mechanism illus-ERK. Second, adhesion to fibronectin causes tyrosine trated in Figure 8 . We envision that integrin ligation actiphosphorylation of Shc, association of Shc with Grb2, vates a tyrosine phosphatase that in turn activates Fyn and activation of ERK in wild-type and Src Ϫ/Ϫ fibroblasts, by desphosphorylating its C-terminal negative autoregbut not in Fyn Ϫ/Ϫ fibroblasts. Consistent with these findulatory site. In support of this hypothesis, adhesion to ings, the expression of recombinant wild-type, but not fibronectin causes a transient activation of an integrin-SH3 mutant, Fyn rescues signaling to ERK in Fyn Ϫ/Ϫ associated enzyme capable of dephosphorylating the fibroblasts. Finally, dominant negative versions of Fyn C-terminal tyrosine of Src-family kinases (F. Liu and and Shc suppress ERK activation in normal fibroblasts F. G. G., unpublished). Once activated, Fyn combines plated on fibronectin, while three dominant negative with Shc, and this event requires an intact SH3 domain.
forms of FAK exert little or no effect. Thus, it appears Since in the inactive conformation of Src-family kinases that, at least in the normal cells we have examined, the ligand-binding surface of the SH3 domain is occuintegrins activate Ras-ERK signaling via the pathway pied by the segment that links the kinase to the SH2 involving the integrin ␣ subunit, caveolin-1, Fyn, and Shc. domain (Sicheri et al., 1997; Xu et al., 1997) , it is likely What is the biological significance of integrin-medithat, upon integrin-mediated activation, Fyn undergoes ated Shc signaling? The observation that the Mos-ERK a conformational change that exposes its SH3 domain, allowing it to interact with Shc. (Ferrell and Machleder, 1998 receptors is required to activate ERK beyond the thresh-
The human ␣5 subunit cDNA (Giancotti and Ruoslahti, 1990) integrin MAbs as previously described , and incubated at 37ЊC for the indicated times. For coimmunoprecipitation of integrins with Shc, an alternative protocol was also used.
Experimental Procedures
The cells were resuspended in 0.2 ml DMEM, incubated on ice with 10 g of purified control or anti-integrin MAbs for 40 min, washed Antibodies and Extracellular Matrix Proteins once at 4ЊC, and then incubated at 37ЊC with 5 g of affinity-purified MAbs anti-integrin, W6.32, 4E3, M2, and RC20-H, affinity-purified rabbit anti-mouse IgGs. After adding 1 ml of lysis buffer and 5 g antibodies to Grb2 and ERK2, and rabbit antisera to the C termini of anti-integrin MAb, the extracts were incubated on ice for 1 hr of integrin ␤1 and FAK were as described previously (Giancotti and and finally clarified prior to recovering the immune complexes with Ruoslahti, 1990; Wary et al., 1996) . MAbs 15 (to Fyn amino acids Sepharose Protein G. To examine signaling in response to cell adhe-85-206) and PG-797 (to the Shc SH2 domain), affinity-purified rabbit sion to the extracellular matrix, the cells were either kept in suspenantibodies N-20 to the caveolin-1 N terminus, sc-16 to Fyn residues sion or replated at subconfluent densities on dishes coated with 5 28-48 and sc-16 to Src residues 3-18, and affinity-purified goat g/ml poly-L-lysine or 10 g/ml fibronectin. antibodies sc-16G to Fyn residues 28-48 and sc-19G to Src residues For immunoprecipitation followed by immunoblotting, cells were 3-18 were from Santa Cruz Biotechnology. MAb GD11 to Src and extracted for 1 hr at 4ЊC with 1% Triton X-100, 50 mM HEPES rabbit polyclonal antibodies 06-133 to Fyn residues 35-51 were (pH 7.5), 150 mM sodium chloride, 1 mM EDTA, and protease and from Upstate Biotechnology. MAb CO60 and affinity-purified rabbit phosphatase inhibitors. For immunoprecipitation of integrins, lysis antibodies C13630, both to the N-terminal domain of caveolin-1, buffer included 1 mM CaCl 2 and 1 mM MgCl2, but no EDTA. Immunowere from Transduction Laboratories. Anti-phospho-ERK antibodprecipitation, immunoblotting, and kinase assays were performed ies were from NEB. MAb P1G12 to CD44 was from W. Carter (Fred essentially as previously described Wary et Hutchinson Cancer Research Center) . Affinity-purified antibodies to al., 1996) . For alkali treatment, gels were incubated in 1 M KOH for 2 a GST fusion protein comprising the SH2 domain of Shc and to hr at 60ЊC and neutralized prior to autoradiography. For Far Western GST were generated in our laboratory. Human fibronectin was from analysis, blots were saturated with 5% nonfat dry milk and 2% BSA GIBCO-BRL. and incubated with 2 g/ml GST fusion proteins followed by 0.5 g/ ml rabbit anti-GST antibodies and peroxidase-conjugated protein A.
Cell Lines, Constructs, and Transfections WI-38 and NIH-3T3 cells were from the ATCC. Immortalized 3T3 Analysis of Cell Cycle Progression FRT and FRT-Cav-13 cells were transfected with various doses of lines derived from wild-type, Fyn Ϫ/Ϫ , and Src Ϫ/Ϫ mice were provided by P. Soriano (Fred Hutchinson Cancer Research Center) . 293-T pCB7-␣5, synchronized in G0 by growth factor deprivation, and panned on fibronectin. FACS analysis was used to verify that the cells were provided by D. Levy (N.Y.U. School of Medicine). The caveolin-1-negative FRT cells and the caveolin-1-expressing FRTlevel of expression of ␣5␤1 at their surface was comparable and proportional to the amount of DNA introduced. Cells were then Cav-13 and FRT-Cav-22 cells were described previously (Lipardi et al., 1998) . plated on microtiter wells coated with 5 g/ml poly-L-lysine or 10 g/ml fibronectin in defined medium (Coon's F12 supplemented ϩ All eukaryotic expression vectors were based on the CMV promoter. Vectors encoding the single chain tailless ␣1 subunit (A: ITS) containing 20 ng/ml EGF and 10 M BrdU. After 18 hr, cells were stained with anti-BrdU MAb and AP-conjugated anti-mouse amino acids 538-1138), the IL2-R ␣ chain, HA-tagged Erk-2, ␤-galactosidase, Flag-tagged Shc, and Flag-tagged Shc Y317F were IgGs (Boehringer). Wild-type, Fyn Ϫ/Ϫ , and Src Ϫ/Ϫ cells were analyzed as described described previously (Wary et al., 1996) . Vectors encoding wild-type and kinase-dead Fyn were obtained from J. Sap (N.Y.U. School of above except that the medium consisted of DMEM ϩ ITS containing 20 ng/ml PDGF. For cell cycle rescue experiments, Fyn Ϫ/Ϫ cells were Medicine). To generate the SH3 domain deletion mutant, pRK5-Fyn was cut with SplI, filled in with GϩT, and flushed with Mung bean transiently transfected with vector encoding ␤-galactosidase in
